The drilling fluid loss or lost circulation via fractures is one of the critical engineering problems in the development of deep oil and gas resources. The conventional treatment is to introduce granular lost circulation material (LCM) into the drilling fluid system to plug fractures. In this work, a method incorporating the fracture surface scanning technique and coupled Computational Fluid Dynamics-Discrete Element Method (CFD-DEM) numerical simulation is proposed for the first time to investigate how the LCM particles plug rough fractures. The rough fracture model is built utilizing a high resolution and high precision measurement system. The LCM particle transport and plugging process in rough fractures are captured in the CFD-DEM numerical simulations. The results show that the local fracture aperture has a significant influence on LCM particle transport and the distribution of the plugging zone. The drilling fluid loss rate will decrease, and the drilling fluid pressure will redistribute during the accumulation of LCM particles in the fracture. The fracture plugging efficiency of nonspherical LCM is improved as a result of formation of multi-particle bridges. This study provides a novel approach and important theoretical guidance to the investigation of LCM particle transport in rough fractures.
Introduction
For the further exploitation of deep underground natural energy, such as geothermal energy and natural gas, massive drillings have been conducted. The drilling fluid is pumped into the well through the drill pipe and then returned to the ground through the borehole annulus. The drilling fluid balances the pressure between the borehole and the formation and cleans the borehole. Drilling fluid loss or lost circulation via fracture is a critical problem in drilling (Figure 1a) , as it increases non-productive drilling time and risks, which leads to additional problems such as reservoir damage [1] . In the Gulf of Mexico, the lost circulation problem has given rise to an expenditure of an additional 1 billion dollars each year, and 10-20% of the total cost of drilling high-temperature and high-pressure wells has been expended on drilling fluid losses according to the U.S. Department of Energy [2] . The most common treatment for this problem is to introduce granular lost circulation material (LCM) into the drilling fluid system to plug fractures. The LCM carried by drilling fluid flows into fractures under the pressure difference, and subsequently plug the fracture and reduce the drilling fluid loss rate to an acceptable level ( Figure 1b) . Therefore, it is especially important to, based on an in-depth understanding of how the LCM plug the fracture, design and select an effective LCM formula to save drilling cost and improve drilling safety. In the past, many theories and concepts have been proposed with respect to how LCM reduces the drilling fluid loss and fracture extension, including Stress Cage [3] , Fracture Closure Stress [4] , Fracture Propagation Resistance [5] , and so on [6] . The theory of multi-particle bridging [7] and ideal packing theory [8] have also been utilized to design LCM formulas. The above theoretical models and the experiences gained from experiments provide some bases for plugging operations in the field. For instance, the average mechanical fracture aperture has already been widely adopted to determine the LCM particle size distribution (PSD). However, an understanding of LCM plugging behavior, especially the interaction between individual LCM particle and fracture walls, is still limited.
While it is difficult to research the LCM plugging process at the particle scale with existing experimental techniques [9] , the numerical simulation of coupled computational fluid dynamics and discrete element method (CFD-DEM) provides an effective way to perform such a study. The CFD-DEM was first proposed by Tsuji et al. [10] for the simulation of a fluidized bed. This method can handle three different kinds of interactions, including fluid and particles, individual particles and other particles, particles and solid walls at the same time. It has been already applied to the research of proppant transport [11] [12] [13] [14] , hole cleaning [15] , and the formation damage induced by the invading of solid particles [16] [17] [18] . Wang and Pu [9] have already used this method to mimic the transport of LCM particles in a simplified zigzag plane fracture, which may differ from the situation that LCM particle transport in the rough fracture. On the other hand, the high-resolution and high-precision optical scanning technique has been well developed [19] and frequently utilized in the modeling of rock fracture surface morphology [20, 21] . The above two techniques provide the possibility of studying the transport and plugging process of LCM particles in rough fractures.
The motivation of the present work is to present a novel approach to investigate the transport and plugging process of LCM particles in rough fractures. This work is the first to propose the idea of combining the fracture surface scanning technique and CFD-DEM numerical simulation. The process of establishing a rough fracture numerical model is described in detail utilizing the structured light measurement system. The CFDEM ® coupling (version 3.8.0) [22] , an open source code, is adopted to run a series of numerical simulations, so that the effects of LCM particle size, volume concentration, and shape on fracture plugging performance can be studied. The research shows a further understanding of the LCM particle plugging process in rough fractures, enabling further the design and selection of effective LCM formulas. The potential of CFD-DEM numerical simulation in fracture plugging research is disclosed, and further improvement of the current method is also discussed. In the past, many theories and concepts have been proposed with respect to how LCM reduces the drilling fluid loss and fracture extension, including Stress Cage [3] , Fracture Closure Stress [4] , Fracture Propagation Resistance [5] , and so on [6] . The theory of multi-particle bridging [7] and ideal packing theory [8] have also been utilized to design LCM formulas. The above theoretical models and the experiences gained from experiments provide some bases for plugging operations in the field. For instance, the average mechanical fracture aperture has already been widely adopted to determine the LCM particle size distribution (PSD). However, an understanding of LCM plugging behavior, especially the interaction between individual LCM particle and fracture walls, is still limited.
The motivation of the present work is to present a novel approach to investigate the transport and plugging process of LCM particles in rough fractures. This work is the first to propose the idea of combining the fracture surface scanning technique and CFD-DEM numerical simulation. The process of establishing a rough fracture numerical model is described in detail utilizing the structured light measurement system. The CFDEM ® coupling (version 3.8.0) [22] , an open source code, is adopted to run a series of numerical simulations, so that the effects of LCM particle size, volume concentration, and shape on fracture plugging performance can be studied. The research shows a further understanding of the LCM particle plugging process in rough fractures, enabling further the design and selection of effective LCM formulas. The potential of CFD-DEM numerical simulation in fracture plugging research is disclosed, and further improvement of the current method is also discussed. 
Methodology

Modeling of Rock Fracture Flow Space
The flow capacity of the fracture is highly correlated with its mechanical aperture. Therefore, it is very important to obtain the actual fracture aperture distribution. Many measurement methods, including CT reconstitution [23] , thermosetting resin [24] , passive ultrasonic travel-time tomography [25] , and the optical scanning technique [20, 21] , have been employed in early research to determine fracture aperture distribution.
The 3D structured light measurement system, Eascan-D, was employed in this study. As shown in Figure 2a , the Eascan-D system, manufactured by SHINING 3D TECHNOLOGY, INC., mainly consists of a tripod and a sensor head containing a projector unit in the center and two charge-coupled device (CCD) cameras on the side. It also works with a high-performance workstation (dual 2.4 GHz Intel Xeon processors, 32 Gb ram) to pilot the system and process scanning data.
A cylinder rock core that is 100 mm in length and 98 mm in diameter was drilled from a tight sandstone outcrop collected from Sichuan, China. The tensile fracture was made by the Brazilian split experiment on the core, as shown in Figure 2b . Due to the rock plastic deformation and the fall-off of some rock pieces on the fracture surface during the Brazilian split experiment, the two fracture surfaces do not match perfectly. The gap between the two fracture surfaces is the fracture flow space through which the drilling fluid is lost. 
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A cylinder rock core that is 100 mm in length and 98 mm in diameter was drilled from a tight sandstone outcrop collected from Sichuan, China. The tensile fracture was made by the Brazilian split experiment on the core, as shown in Figure 2b . Due to the rock plastic deformation and the fall-off of some rock pieces on the fracture surface during the Brazilian split experiment, the two fracture surfaces do not match perfectly. The gap between the two fracture surfaces is the fracture flow space through which the drilling fluid is lost. For digitizing the surface of the rock fracture, the measurement system projects a series of parallel blue-light fringe patterns onto the fracture surface (Figure 3b) . Images of these blue-light fringe patterns will become distorted due to the irregularity of the fracture surface. At the same time, the width of each fringe will be changed continuously to transform the continuous surfaces to the discrete point cloud, which is the so-called light coding. These series of images are automatically captured by the two CCD cameras, and the software computes the 3D coordinates for each point based on the principle of triangulation. With a CCD camera resolution of 1280 × 1024 pixel, a point cloud of 1.3 million points can be obtained in a single measurement within 10 s.
Because each measurement is independent, the above procedures can only obtain the surface data of two sides of the fracture, respectively, as opposed to the rough fracture flow space. Artificial splicing of those surface data will cause a subjective error, which may diverge the situation. Another technique, landmark point location, was employed in this study to solve this problem.
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As shown in Figure 2b , the landmark points are placed around the fracture section. A pre-step of scanning the landmark points is carried out, and each landmark point is identified and numbered in the software (Figure 3a) . This procedure builds a local coordinate system in the software, and the fracture surface is invisible during that time. In the following scanning of the fracture surface, the scanned landmark points are recognized, and the scanning data of fracture surface are not generated by the actual relative position between the measurement system and the scanning surface, but are redirected and aligned to pre-scanned landmark points. The scanning data of the fracture surface are completed after many scans at different perspectives of the specimen (Figure 3c ). Even though the two sides of the fracture specimen are scanned separately, the usage of landmark points ensures that the relative location of the two sides of the fracture surfaces in the scanning data is consistent with the specimen at the pre-step of scanning the landmark points. Therefore, the fracture flow space in the scanning data is the same as that of the actual specimen. redirected and aligned to pre-scanned landmark points. The scanning data of the fracture surface are completed after many scans at different perspectives of the specimen (Figure 3c ). Even though the two sides of the fracture specimen are scanned separately, the usage of landmark points ensures that the relative location of the two sides of the fracture surfaces in the scanning data is consistent with the specimen at the pre-step of scanning the landmark points. Therefore, the fracture flow space in the scanning data is the same as that of the actual specimen. After the above scanning procedure, the point cloud of the fracture surface and some areas of the cylinder rock core are captured and stored as an ASCII file (format: x, y, z). By necessary data processing-by, for example, reducing the noise and cutting off data of the cylinder rock core surface and fracture edge, the fracture surface data is converted from a discrete point cloud to a continuous surface as non-uniform rational b-splines. After making up the rest of the four edge faces, the rock fracture flow space is established. For reducing the amount of computation, a sub-region of fracture that is 50 mm in height and 85 mm in length is extracted. To simulate the LCM transport from the wellbore into rock fracture, a buffer zone that is 5 mm in length, 50 mm in height, and 7 mm in width is assembled. The final geometric model is shown in Figure 4 . Numerical simulations are carried out in the following based on this geometric model, and its aperture distribution is shown in Figure 5 . The average aperture of this fracture is 0.54 mm, counted by software. After the above scanning procedure, the point cloud of the fracture surface and some areas of the cylinder rock core are captured and stored as an ASCII file (format: x, y, z). By necessary data processing-by, for example, reducing the noise and cutting off data of the cylinder rock core surface and fracture edge, the fracture surface data is converted from a discrete point cloud to a continuous surface as non-uniform rational b-splines. After making up the rest of the four edge faces, the rock fracture flow space is established. For reducing the amount of computation, a sub-region of fracture that is 50 mm in height and 85 mm in length is extracted. To simulate the LCM transport from the wellbore into rock fracture, a buffer zone that is 5 mm in length, 50 mm in height, and 7 mm in width is assembled. The final geometric model is shown in Figure 4 . redirected and aligned to pre-scanned landmark points. The scanning data of the fracture surface are completed after many scans at different perspectives of the specimen (Figure 3c ). Even though the two sides of the fracture specimen are scanned separately, the usage of landmark points ensures that the relative location of the two sides of the fracture surfaces in the scanning data is consistent with the specimen at the pre-step of scanning the landmark points. Therefore, the fracture flow space in the scanning data is the same as that of the actual specimen. After the above scanning procedure, the point cloud of the fracture surface and some areas of the cylinder rock core are captured and stored as an ASCII file (format: x, y, z). By necessary data processing-by, for example, reducing the noise and cutting off data of the cylinder rock core surface and fracture edge, the fracture surface data is converted from a discrete point cloud to a continuous surface as non-uniform rational b-splines. After making up the rest of the four edge faces, the rock fracture flow space is established. For reducing the amount of computation, a sub-region of fracture that is 50 mm in height and 85 mm in length is extracted. To simulate the LCM transport from the wellbore into rock fracture, a buffer zone that is 5 mm in length, 50 mm in height, and 7 mm in width is assembled. The final geometric model is shown in Figure 4 . Numerical simulations are carried out in the following based on this geometric model, and its aperture distribution is shown in Figure 5 . The average aperture of this fracture is 0.54 mm, counted by software. Numerical simulations are carried out in the following based on this geometric model, and its aperture distribution is shown in Figure 5 . The average aperture of this fracture is 0.54 mm, counted by software. The scanning precision of the scanning data and the spacing between these points are two of the most important performance parameters that represent the reliability and the richness of the detail in the measurement. Before the measurement, the system is properly calibrated through a set of standard procedures on the correcting plate. According to the calibration results, the scanning precision is 0.02 mm in this study, which is acceptable compared to the average 0.54 mm aperture of the rock fracture. Depending on the distance and angle between the measurement system and the scanning surface, the spacing between these points will vary in a small range. In this study, the typical spacing is 0.22 mm, which is appropriate considering the size of the fracture.
Basic Theory of CFD-DEM
The DEM was introduced by Cundall and Strack [26] , which mathematically simplifies the rocks and soils into many individual rigid particles (discs in two dimensions and balls in three dimensions). All particles are tracked in a Lagrangian manner, and each particle's trajectory is solved explicitly. Therefore, it has the inherent advantage in the study of LCM transport in the fracture, compared with the two-fluid model [27] in which the particle phase is regarded as another continuous fluid in a Euler manner, and the LCM plugging phenomenon cannot be well considered.
In DEM, the internal force and the deformation of particle shapes are ignored, allowing slight overlap while they are in contact. Generally, the motion of all particles will be deduced in the following steps: First, all particle contact pairs will be found, and the contact force can be calculated according to the overlap and relative motion of the pair of particles in contact, based on a contact theory such as the Hertz contact model. The translational and angular acceleration at that moment are then confirmed, considering that other forces also act on the particle by Newton's second law. In a small time-step, such as 10 −6 s, the forces acting on the particle will be treated as invariant, so the velocity, position, and trajectory of each particle after that time step can be figured out by integration. Repeating those above procedures, the system of particles will evolve continuously from one moment to the next step by step. Further details about the theory of DEM are available in the literature [28] .
To be specific, the motion of each particle follows the force and torque balances as follows [29] :
where p m is the particle mass, p u is the particle velocity, t is the time, p I is the particle moment of inertia, p ω is the particle angular velocity, p r is the particle radius, p,n F is the particle normal contact force, p,t F is the particle tangential contact force, p T is the particle torque, p,f F is the drag The scanning precision of the scanning data and the spacing between these points are two of the most important performance parameters that represent the reliability and the richness of the detail in the measurement. Before the measurement, the system is properly calibrated through a set of standard procedures on the correcting plate. According to the calibration results, the scanning precision is 0.02 mm in this study, which is acceptable compared to the average 0.54 mm aperture of the rock fracture. Depending on the distance and angle between the measurement system and the scanning surface, the spacing between these points will vary in a small range. In this study, the typical spacing is 0.22 mm, which is appropriate considering the size of the fracture.
where m p is the particle mass, u p is the particle velocity, t is the time, I p is the particle moment of inertia, ω p is the particle angular velocity, r p is the particle radius, F p,n is the particle normal contact force, F p,t is the particle tangential contact force, T p is the particle torque, F p,f is the drag force exerted from the fluid phase to the particles, F p,p and F p,v denote, respectively, the pressure and viscous force acting on the particles, and gravity and buoyancy are lumped into F p,b .
Other forces such as the Magnus force and virtual mass force are ignored in this study [30] . In this study, the Hertz contact model and constant directional torque (CDT) model [31] are adopted to represent the contact force and the small-scale nonsphericity of the LCM particles. The interaction between particles and walls is equivalent to the interaction between particles and an infinite radius particle. The formulas of particle torque, contact force, and other forces are available in the literature [26] and CFDEM ® coupling online documentation.
For the modeling of the interaction between LCM particles and drilling fluid, a coupled CFD-DEM approach can be applied [10, 28] . In this approach, the simulation domain is discretized into coarse fluid mesh cells to solve the motion of fluid phase whose length of mesh is several times larger than the particle diameter. Because the flow field around each particle cannot be described accurately, the drag force model has been introduced to approximately calculate the force exerted from the fluid phase to the particles, and the forces of the same magnitude but opposite direction are then added to the fluid equations as the momentum exchange, which is the so-called unresolved CFD-DEM [32] . The governing equation can be written as
where ρ f is the fluid density, α f is the volume fraction occupied by the fluid or porosity, u f is the fluid velocity, p is the fluid pressure, η is the fluid viscosity, and R f,b is the average body force in one fluid mesh cell. The Di Felice [33] drag force model is adopted in this study. This model has a large range of Reynolds numbers applicability and already been used in the modeling of fracture conductivity [34] . The drag force exerted from the fluid phase to the particles can be written as
where C d is the drag coefficient, χ is an empirical coefficient, and Re p is the particle Reynolds number. In this study, the open source package CFDEM ® coupling (version 3.8.0) [22] is adopted in which the LIGGGHTS and OpenFOAM are integrated. In the CFDEM ® coupling, the particle motion will be solved by LIGGGHTS. For solving the motion of the fluid, the "Pressure-Implicit Split-Operator" (PISO) solver in OpenFOAM is used. The CFDEM ® coupling also provides other various drag models. Further details about the CFD-DEM coupling routine, the volume fraction calculation method, and the fluid-particle momentum exchange are available in the literature [29] .
Numerical Model Overview
The drilling fluid will flow through the face of the buffer zone (inlet) to the end of the fracture (outlet). The fixed value condition of pressure is adopted. The inlet pressure is 82 KPa, and the outlet pressure is 0 Pa. Note that the fluid is considered incompressible. Therefore, the pressure at both ends of the fracture are not the actual value, and the pressure difference or pressure gradient is what we are concerned about because they determine the flow state. The magnitude of the pressure difference applied at both ends of the fracture is estimated based on a field drilling fluid loss data. The pressure gradient along the 85 mm length fracture would be 0.965 MPa/m.
In fact, drilling fluids usually contain many kinds of particles such as fine clay particles, drilling cuttings, weighting materials, and LCM. The size of those particles varies widely, and the LCM with a wide PSD is usually adopted in the drilling field to plug the fracture. The large LCM particles are used to form the bridge in the fracture, and smaller ones stack and accumulate around this bridge so that the fracture will be completely plugged.
However, the simulations in this study only adopted particles with one specified diameter in each case to mimic the transport and bridging of large LCM in the fracture. This is because the DEM calculation speed is directly related to the number and size of particles. The computational cost will increase rapidly to an unacceptable degree with the decrease in particle size and the increase in particle quantity. At the same time, most of the drag force models including the Di Felice [33] assume the particle system is monodisperse. It may reduce the accuracy of the simulation if particles of different diameters are introduced. This will be further discussed in the next section.
The LCM particles were injected into the inlet and blended with drilling fluid in the buffer zone at a specified constant volume concentration in each simulation case. They then, carried by the drilling fluid, flowed into the fracture. Some of them plugged the fracture, and others passed through the outlet. Table 1 summarizes the property parameters of LCM particles and drilling fluid in the numerical simulations. The LCM particle diameter, volume concentration, and rolling friction coefficient are specified separately in each simulation case. It is necessary to declare that the property parameters of LCM particles, including Young's modulus, Poisson ratio, friction coefficient, and restitution coefficient, were not experimentally measured or calibrated with an actual LCM formula as Zhang et al. [34] did. The reason is that the motivation of this study is to disclose the potential of CFD-DEM numerical simulation in fracture plugging research, and, as literature has reported [10, 12] , there is no sufficient influence of those particle property parameters on particle transport in fluidized beds or fractures.
Before the formal numerical simulation research, a mesh resolution sensitivity check was completed. The porosity α f is the critical variable for solving both the fluid and particle motion, which is closely related to the relative size of fluid mesh cells and particle diameters.
Generally, the size of fluid mesh cells should be several times larger than the particle diameter to ensure the α f changes gently. However, oversized fluid mesh cells lose fracture surface and fluid field details (Figure 6 ). On the other hand, fluid mesh cells that are too small increase the amount of computation and cause α f to change rapidly into a small and incorrect value, which reduced the accuracy of the following calculations [34] . The maximum particle diameter used in the simulations of this study is 0.5 mm, so the mesh resolution sensitivity check was carried out with five different sizes of fluid mesh cells (0.5, 1, 2, 3, and 4 mm) with 0.5 mm diameter LCM particles at 5% volume concentration. The divided void fraction model was adopted to calculate the porosity, which divides each particle into 29 portions. This is more accurate than a general particle center void fraction model [22] . Each simulation ran for 2 s to investigate the porosity calculation.
The lowest porosity of all fluid mesh cells at different simulation moments is shown in Figure 7 . It can be seen that the small incorrect value of porosity accrues at the 1 s point, when the size of fluid mesh cells drops down to 1 mm. Those values of porosity are even lower than the minimum packing porosity of the mono-sized sphere, which seems unreasonable, which means there is a lower limit of fluid mesh size. Therefore, the fluid mesh with the size of 2 mm was adopted in all of the following simulations, which best retains the details of the fracture surface without any computational error of porosity. 
Results
For investigating the effect of LCM size, volume concentration, and shape, a series of simulations were carried out with four different LCM diameters (0.2, 0.3, 0.4, and 0.5 mm) and four different LCM volume concentrations (1%, 2%, 3%, and 4%). The maximum particle diameter used in the simulations of this study is 0.5 mm, so the mesh resolution sensitivity check was carried out with five different sizes of fluid mesh cells (0.5, 1, 2, 3, and 4 mm) with 0.5 mm diameter LCM particles at 5% volume concentration. The divided void fraction model was adopted to calculate the porosity, which divides each particle into 29 portions. This is more accurate than a general particle center void fraction model [22] . Each simulation ran for 2 s to investigate the porosity calculation.
The lowest porosity of all fluid mesh cells at different simulation moments is shown in Figure 7 . It can be seen that the small incorrect value of porosity accrues at the 1 s point, when the size of fluid mesh cells drops down to 1 mm. Those values of porosity are even lower than the minimum packing porosity of the mono-sized sphere, which seems unreasonable, which means there is a lower limit of fluid mesh size. Therefore, the fluid mesh with the size of 2 mm was adopted in all of the following simulations, which best retains the details of the fracture surface without any computational error of porosity. The maximum particle diameter used in the simulations of this study is 0.5 mm, so the mesh resolution sensitivity check was carried out with five different sizes of fluid mesh cells (0.5, 1, 2, 3, and 4 mm) with 0.5 mm diameter LCM particles at 5% volume concentration. The divided void fraction model was adopted to calculate the porosity, which divides each particle into 29 portions. This is more accurate than a general particle center void fraction model [22] . Each simulation ran for 2 s to investigate the porosity calculation.
For investigating the effect of LCM size, volume concentration, and shape, a series of simulations were carried out with four different LCM diameters (0.2, 0.3, 0.4, and 0.5 mm) and four different LCM volume concentrations (1%, 2%, 3%, and 4%). 
For investigating the effect of LCM size, volume concentration, and shape, a series of simulations were carried out with four different LCM diameters (0.2, 0.3, 0.4, and 0.5 mm) and four different LCM volume concentrations (1%, 2%, 3%, and 4%).
In these simulations, only the standard Hertz contact model was adopted, ignoring the influence of particle shape. The time step of DEM calculation was set to 5 × 10 −7 s according to the critical time step, and the time step of fluid motion calculation was set to 1 × 10 −4 s to ensure that the maximum Courant number would not exceed 0.5. Therefore, the DEM solver and the PISO solver exchanged the data after every 200 DEM calculations such as porosity, velocity of fluid and each particles. All of the following simulation cases ran for 4 s of physical time of the LCM plugging process. The simulations were performed on the same workstation, and each simulation case took 2-3 days to finish.
LCM Particle Transport and Plugging Process in Rough Fractures
In this section, to illustrate the LCM particle transport and plugging process in rough fractures, the simulation results of a 0.5 mm particle diameter and 1% volume concentration are discussed. Figure 8 shows the LCM particle transport and plugging process at different simulation moments. The streamlines represent the flow of the drilling fluid, and its color represents the velocity of the drilling fluid. The color of the particles represents the particle ID, which indicates the sequence of particle generation and injection into the fracture. It can be seen that the LCM particles carried by drilling fluid flow into the fracture, and some of the early LCM particles bridge somewhere in the fracture, which gives rise to the continuous accumulation of later LCM particles, which eventually form a plugging zone. It is worth noting that the LCM particle only forms the plugging area through a single particle bridging, as shown in Figure 8d . In these simulations, only the standard Hertz contact model was adopted, ignoring the influence of particle shape. The time step of DEM calculation was set to 5 × 10 −7 s according to the critical time step, and the time step of fluid motion calculation was set to 1 × 10 −4 s to ensure that the maximum Courant number would not exceed 0.5. Therefore, the DEM solver and the PISO solver exchanged the data after every 200 DEM calculations such as porosity, velocity of fluid and each particles. All of the following simulation cases ran for 4 s of physical time of the LCM plugging process. The simulations were performed on the same workstation, and each simulation case took 2-3 days to finish.
In this section, to illustrate the LCM particle transport and plugging process in rough fractures, the simulation results of a 0.5 mm particle diameter and 1% volume concentration are discussed. Figure 8 shows the LCM particle transport and plugging process at different simulation moments. The streamlines represent the flow of the drilling fluid, and its color represents the velocity of the drilling fluid. The color of the particles represents the particle ID, which indicates the sequence of particle generation and injection into the fracture. It can be seen that the LCM particles carried by drilling fluid flow into the fracture, and some of the early LCM particles bridge somewhere in the fracture, which gives rise to the continuous accumulation of later LCM particles, which eventually form a plugging zone. It is worth noting that the LCM particle only forms the plugging area through a single particle bridging, as shown in Figure 8d . Figure 9 shows the drilling fluid pressure profiles at different simulation moments. The simulation domain has been gradually segmented into the high-pressure zone near the wellbore and the low-pressure zone near the formation by the plugging zone. The drilling fluid pressure data of the middle section of the fracture in terms of height were extracted and are shown in Figure 10 . It can be seen that, with the continuous expansion of the plugging zone, the overall drilling fluid pressure in the fracture is decreasing. Especially in the plugging, a significant pressure drop of 31 KPa arose within the 15 mm length of the fracture where the plugging zone is exactly located. Therefore, the pressure gradient in the plugging zone at the 4 s is 2.06 MPa/m, which is much higher than the average pressure gradient of 0.965 MPa/m in the entire fracture. This is because the plugging zone imposes additional flow resistance to the drilling fluid flowing through it. Figure 9 shows the drilling fluid pressure profiles at different simulation moments. The simulation domain has been gradually segmented into the high-pressure zone near the wellbore and the low-pressure zone near the formation by the plugging zone. The drilling fluid pressure data of the middle section of the fracture in terms of height were extracted and are shown in Figure 10 . It can be seen that, with the continuous expansion of the plugging zone, the overall drilling fluid pressure in the fracture is decreasing. Especially in the plugging, a significant pressure drop of 31 KPa arose within the 15 mm length of the fracture where the plugging zone is exactly located. Therefore, the pressure gradient in the plugging zone at the 4 s is 2.06 MPa/m, which is much higher than the average pressure gradient of 0.965 MPa/m in the entire fracture. This is because the plugging zone imposes additional flow resistance to the drilling fluid flowing through it. It is well known that the higher pressure of the drilling fluid compared to the formation pressure induces drilling fluid loss and fracture extension, which further intensifies drilling fluid loss [35] . After the large LCM particles bridge in the fracture, other smaller LCM particles accumulate around and fill the pore in bridging LCM particles. The usage of wide PSD LCM causes the plugging zone to become more low-porosity and impermeable, which better prevents drilling fluid loss and pressure propagation, as the "Ideal plugging" curve shows in Figure 10 . The influence of LCM plugging on the drilling fluid loss rate will be discussed in the next section. In this paper, the simulation system is monodisperse, while the wide PSD LCM formulas will be adopted in the drilling field, which is polydisperse. As shown in Figure 11 , with the increase in the number and volume of particles in the fluid, the fluid flow resistance also increases. Meanwhile, the flow regime also changes from a single-phase flow to a particle-laden flow and seepage. However, for the monodisperse, the volume of particles in the fluid and porosity have upper and lower limits, respectively. The most compact structure of the monodisperse system is the face-centered cubic It is well known that the higher pressure of the drilling fluid compared to the formation pressure induces drilling fluid loss and fracture extension, which further intensifies drilling fluid loss [35] . After the large LCM particles bridge in the fracture, other smaller LCM particles accumulate around and fill the pore in bridging LCM particles. The usage of wide PSD LCM causes the plugging zone to become more low-porosity and impermeable, which better prevents drilling fluid loss and pressure propagation, as the "Ideal plugging" curve shows in Figure 10 . The influence of LCM plugging on the drilling fluid loss rate will be discussed in the next section. It is well known that the higher pressure of the drilling fluid compared to the formation pressure induces drilling fluid loss and fracture extension, which further intensifies drilling fluid loss [35] . After the large LCM particles bridge in the fracture, other smaller LCM particles accumulate around and fill the pore in bridging LCM particles. The usage of wide PSD LCM causes the plugging zone to become more low-porosity and impermeable, which better prevents drilling fluid loss and pressure propagation, as the "Ideal plugging" curve shows in Figure 10 . The influence of LCM plugging on the drilling fluid loss rate will be discussed in the next section. In this paper, the simulation system is monodisperse, while the wide PSD LCM formulas will be adopted in the drilling field, which is polydisperse. As shown in Figure 11 , with the increase in the number and volume of particles in the fluid, the fluid flow resistance also increases. Meanwhile, the flow regime also changes from a single-phase flow to a particle-laden flow and seepage. However, for the monodisperse, the volume of particles in the fluid and porosity have upper and lower limits, respectively. The most compact structure of the monodisperse system is the face-centered cubic In this paper, the simulation system is monodisperse, while the wide PSD LCM formulas will be adopted in the drilling field, which is polydisperse. As shown in Figure 11 , with the increase in the number and volume of particles in the fluid, the fluid flow resistance also increases. Meanwhile, the flow regime also changes from a single-phase flow to a particle-laden flow and seepage. However, for the monodisperse, the volume of particles in the fluid and porosity have upper and lower limits, respectively. The most compact structure of the monodisperse system is the face-centered cubic structure, in which there is one sphere at each of the eight corners and at the centers of all six faces. The porosity of such a structure is 0.2595, while the porosity of the polydisperse system might be lower because the pore can continue to be filled with smaller particles. This makes the plugging zone more compact and impermeable, preventing drilling fluid loss and fracture extension.
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The distributions of different diameter LCM particles at the end of the simulation is plotted in Figure 12 , along with the faded fracture aperture contour as background. It is worth noting that only those particles whose velocity is smaller than 0.01 m/s are shown, and the black color lump enclosed by a red dotted line is the plugging zone consisting of LCM particles. To better understand the distribution of LCM particles, the front edges of the plugging zone were extracted and are plotted on the faded fracture aperture contour in Figure 13 . It is obvious that the front edge of the plugging zone forms at the fracture aperture isopleth, which has the same value of the diameter of the LCM particles. To better understand the distribution of LCM particles, the front edges of the plugging zone were extracted and are plotted on the faded fracture aperture contour in Figure 13 . It is obvious that the front edge of the plugging zone forms at the fracture aperture isopleth, which has the same value of the diameter of the LCM particles. Figure 13 . The front edges of the plugging zone with different particle sizes.
It is also obvious from Figures 12a and 13 that the 0.2 mm diameter LCM particles have not formed a plugging zone over all height directions of the fracture. After carefully observing the particle contact status, there is still only single particle bridging of 0.2 mm diameter LCM particles in the fracture, which means the LCM particles will only bridge and stack in the narrow portion of the fracture, where the local aperture is equal to or a bit smaller than the LCM particle diameter. Therefore, if there is no narrow portion in the fracture, the LCM particles cannot plug the fracture.
The flow rate at the outlet was extracted as the drilling fluid loss rate and is plotted in Figure 14 . The magnitude of the drilling fluid loss rate looks quite small. This is because the fracture model in the simulation is only 50 mm in height. In the drilling field, the actual fracture in the formation may be several meters in height, and multiple parallel fractures or fracture networks may also occur according to the well logging information.
It can be seen that the drilling fluid loss rate dropped by 3.49%, 72.70%, 58.16%, and 37.43% for 0.2, 0.3, 0.4, and 0.5 mm in diameter LCM particles, respectively, with the formation of the plugging zone. The drilling fluid loss rate decreased very little in the case of the 0.2 mm diameter LCM particles because it failed to form a plugging zone over all height direction of the fracture. Meanwhile, the LCM particles with a smaller diameter gave rise to a greater drop in drilling fluid loss rate because the plugging zone was monolayer and the gap between the LCM particles and fracture wall decreased as the diameter of LCM particles decreased, which reduced the porosity of the plugging zone and made it more compact. It is also obvious from Figures 12a and 13 that the 0.2 mm diameter LCM particles have not formed a plugging zone over all height directions of the fracture. After carefully observing the particle contact status, there is still only single particle bridging of 0.2 mm diameter LCM particles in the fracture, which means the LCM particles will only bridge and stack in the narrow portion of the fracture, where the local aperture is equal to or a bit smaller than the LCM particle diameter. Therefore, if there is no narrow portion in the fracture, the LCM particles cannot plug the fracture.
It can be seen that the drilling fluid loss rate dropped by 3.49%, 72.70%, 58.16%, and 37.43% for 0.2, 0.3, 0.4, and 0.5 mm in diameter LCM particles, respectively, with the formation of the plugging zone. The drilling fluid loss rate decreased very little in the case of the 0.2 mm diameter LCM particles because it failed to form a plugging zone over all height direction of the fracture. Meanwhile, the LCM particles with a smaller diameter gave rise to a greater drop in drilling fluid loss rate because the plugging zone was monolayer and the gap between the LCM particles and fracture wall decreased as the diameter of LCM particles decreased, which reduced the porosity of the plugging zone and made it more compact. To better understand the distribution of LCM particles, the front edges of the plugging zone were extracted and are plotted on the faded fracture aperture contour in Figure 13 . It is obvious that the front edge of the plugging zone forms at the fracture aperture isopleth, which has the same value of the diameter of the LCM particles. It is also obvious from Figures 12a and 13 that the 0.2 mm diameter LCM particles have not formed a plugging zone over all height directions of the fracture. After carefully observing the particle contact status, there is still only single particle bridging of 0.2 mm diameter LCM particles in the fracture, which means the LCM particles will only bridge and stack in the narrow portion of the fracture, where the local aperture is equal to or a bit smaller than the LCM particle diameter. Therefore, if there is no narrow portion in the fracture, the LCM particles cannot plug the fracture.
It can be seen that the drilling fluid loss rate dropped by 3.49%, 72.70%, 58.16%, and 37.43% for 0.2, 0.3, 0.4, and 0.5 mm in diameter LCM particles, respectively, with the formation of the plugging zone. The drilling fluid loss rate decreased very little in the case of the 0.2 mm diameter LCM particles because it failed to form a plugging zone over all height direction of the fracture. Meanwhile, the LCM particles with a smaller diameter gave rise to a greater drop in drilling fluid loss rate because the plugging zone was monolayer and the gap between the LCM particles and fracture wall decreased as the diameter of LCM particles decreased, which reduced the porosity of the plugging zone and made it more compact. The above analysis results demonstrate that the local fracture aperture or fracture surface morphology has a significant influence on LCM particle transport and plugging zone distribution. In the case of single-particle bridging, the front edge of the plugging zone only forms in the narrow portion of the fracture, where the fracture aperture is equal to or a bit smaller than the size of the LCM particles.
Effect of LCM Volume Concentration
By increasing the LCM volume concentration from 1 to 4% step by step, the plugging zone forms faster than that at low volume concentration because of the extra injected LCM particles. It is worth mentioning that the LCM particles with a 0.2 mm diameter still cannot form a considerable plugging zone even though the volume concentration reaches 4%, as shown in Figure 15 .
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Discussion
Some phenomena and results were obtained by simulation, but there is a lack of experimental verification due to certain difficulties.
At present, the evaluation experiments of LCM are mostly carried out on a plugging apparatus with metal straight slots or tapered slots [39] [40] [41] as the fracture, applying a constant pressure and measuring the fluid loss. The surface shape of slot may be flat or groove, but different from the real rock fracture morphology. There are also differences in the mechanical properties of the friction between the metal slot and the rock surface.
Evaluation experiments are also carried out in fracture rock cores [42] , but confining pressure is usually required to ensure that the fluid will only flow through the fracture, which leads to inhomogeneous changes in the fracture aperture. 
Evaluation experiments are also carried out in fracture rock cores [42] , but confining pressure is usually required to ensure that the fluid will only flow through the fracture, which leads to inhomogeneous changes in the fracture aperture. These problems make it difficult to carry out experimental verification that is completely consistent with the simulation conditions. The purpose of this work is to disclose the potential of fracture surface scanning and CFD-DEM simulation to investigate the transport of LCM in rough fractures. To validate the proposed method in this paper, experimental results reported in other literature were compared with the simulation results of this study, and these results are shown in Table 2 . Table 2 . Simulation results of this study and those of other literature.
Literature Experiment Description Experiment Results Simulation Results
Wang [39] Tapered slots size: 2.3 mm at inlet and 1.1 mm at outlet; LCM size: 0.45-1.4 mm.
The plugging depth depends on the values of D50 and D90; the large D50 and D90 values result in a shallow plugging depth in the fracture.
As shown in Figure 13 , the front edge of the plugging zone forms at the fracture aperture isopleth, which has the same value as the LCM particles' diameter.
Al-Saba [40] Tapered slots size: 2.5-5 mm at inlet and 1-2 mm at outlet; LCM size (D50): 0.005-2.3 mm.
Irregular LCM such as nut shells are capable of sealing wide fractures.
As shown in Figure 16a ,b, the irregularity of LCM particles result in LCM multi-particle bridging, where the fracture aperture is larger than the size of the LCM.
Al-Saba [41] A high concentration of larger particles resulted in a screening out at the fracture.
As shown in Figure 16c -j, with the increase in LCM concentration, LCM piles up at the fracture inlet and makes it more difficult for LCM to enter the fracture.
From the above comparison results, it can be seen that the transport law of LCM obtained by the proposed method in this paper is similar to that of existing literature.
LCM is essentially a granular material with such shapes as block, flake, and fiber. The DEM has inherent advantages in simulating particulate matter, and many methods have been proposed to simulate irregular particles, such as ellipses, super-quadrics, polygons, and multi-sphere [43] . Wang [8] first introduced the DEM into the study of LCM transport in simplified fractures. The novel approach proposed in the present paper further combines fracture morphology scanning with CFD-DEM to investigate the transport of LCM in real rough fractures, which is closer to actual situations and provides more detailed and a higher amount of simulation results. This method has great potential for further development and future applications.
Conclusions
The fracture surface scanning technique and CFD-DEM numerical simulation were combined to investigate LCM particle transport and plug the rock fracture flow space. The following conclusions can be drawn.
The CFD-DEM numerical simulation can capture the LCM particle transport and plugging process in a rough fracture. It demonstrates the change of drilling fluid loss rate and drilling fluid pressure redistribution in the fracture with the injection of LCM particles.
The simulation results show that the local fracture aperture or surface morphology has a significant influence on LCM particle transport and plugging zone distribution. In the case of single-particle bridging, the front edge of the plugging zone can only form in the narrow portion of fracture where the fracture aperture is equal or a bit smaller than the size of LCM particles. In addition, the LCM particles with nonsphericity may cause multi-particle bridging in the fracture, which will greatly raise the efficiency of fracture plugging.
This study provides a novel approach and important theoretical guidance to the investigation of fracture plugging and wellbore strengthening. However, the result of simulation needs to be further validated with experimental data. The drag force model for the polydisperse system needs
